To discover the deformability of ultra-light magnesium alloys, the super-plasticity and microstructures of Mg-8.42 mass% Li alloy fabricated by casting and rolling were investigated by tensile tester, optical microscope and transmission electron microscope (TEM). The elongation to failure of 630% was achieved in a fine-grained Mg-8.42 % Li alloy containing elongated grains at the temperature of 573K at an initial strain rate of 1.67×10 -3 s -1 . Superplastic sample exhibits a diffuse necking with a slight taper. Incomplete recrystallization of elongated grains occurred and some rolled grains still remained in the clamping section; the microstructure in the gauge section consisted of equiaxed grains and significant dynamic grain growth appeared. Experimental calculations show that the contribution of static annealing grain growth rate to grain growth accounts for 35.5% while the contribution of strain induced grain growth rate to grain growth accounts for 64.5%. New model of dynamic grain growth rate was established. The dynamic grain growth rate predicted by the model is consistent with the experimental dynamic grain growth rate. Cavitations existed in the deformed microstructure and plasticity-controlled cavity growth was the cavity growth mechanism. Observation by TEM reveals that striated bands exist at gain boundary and there is no dislocation activity inside the grain at 573 K.
INTRODUCTION
Magnesium alloys, as green environment-friendly materials in the 21 st century, have received extensive attention in recent years. However, owing to the hexagonal closed packed crystal structure, magnesium alloys usually possesses limited slip systems and are difficult to form at room temperature. After Li whose density of 0.534g cm -3 is added to magnesium whose density is 1.74 g cm -3 , the lightest Mg-Li alloys are obtained with density of 1.3-1.65 g cm -3 . Due to their extremely low density, extremely high specific stiffness and strength, magnesium-lithium alloys have the potential for use in many fields such as spaceflight, military industry, 3C electronic products and automobiles. Thus, the research of magnesium-lithium alloys is significant to the industrial application and has drawn extensive attentions [1] [2] [3] [4] [5] [6] . Since binary two-phase MgLi alloy has good comprehensive mechanical properties, a dual-phase Mg-8Li alloy is designed and fabricated here.
Super-plasticity means the capability of materials in exhibiting large elongations to failure at elevated temperatures at definite strain rates [7] . Complex parts or components of metals and their alloys can be fabricated on small tonnage equipment. Super-plasticity is an effective way to manufacturing complex components and difficult-to-form parts. Some thermo-mechanical processing methods on super-plasticity of Mg-Li alloys involve extrusion [8] , friction-stir processing [9] , equalchannel angular extrusion [10] and high-pressure torsion [11] plus air furnace annealing. However, little information is available using nitrate bath annealing to investigate the super-plasticity of Mg-Li alloys. No report is available elucidating the contributions of the static annealing grain growth rate and the strain induced grain growth rate to grain growth mechanism. Also, because of the difficulty in preparation of qualified samples for transmission electron microscope (TEM) observation, little report is available using TEM to examine the microstructure in superplastic magnesiumlithium alloy.
In this work, our aims are three fold. First, the finegrained two-phase Mg-Li alloy sheets with microstructures of incomplete recrystallization are fabricated. Second, their super-plasticity and microstructures are investigated. Third, the contributions of static annealing grain growth rate and strain induced grain growth rate to grain growth mechanism are calculated. Also, the cavity growth mechanism is analyzed.
EXPERIMENTAL PROCEDURE
Magnesium and lithium were melted and cast to prepare ingots of Mg-8 mass % Li alloy. The analyzed chemical composition of the present alloy were 8.42 mass% Li and balanced Mg. Ingots were obtained in an internally water-cooled copper mould. After milling and homogenizing, the ingots were rolled into the sheets 1.5 mm in thickness, detailed in elsewhere [12] . The rolled sheets passed nitrate bath annealing in order to obtain incomplete recrystallized fine-grained microstructures.
The tensile direction of specimens with a gauge length of 10 mm and a gauge width of 6 mm machined from the rolled sheet was parallel to the rolling direction. The superplastic tensile tests at given constant velocities were performed on the Japanese Shimadazu AG-10 electronic tensile machine.
The observations of the specimens for optical microscope (OM) and the specimens for TEM were detailed in elsewhere [12] . The spatial grain size, d, was determined by d=1.74L, where L is the linear intercept grain size. Nominal (engineering) stress versus nominal (engineering) strain curve of Mg-8.42Li alloy at 573K at an initial strain rate of 1.67×10 -3 s -1 is shown in Figure 1 .
RESULTS AND DISCUSSION

Mechanical Properties
Appearance of superplastic sample is shown in Figure  2 . The peak stress was 4.2 MPa and the elongation to failure was 630%, indicating that the present alloy possesses the characteristics of small stress and large elongation. The elongation to failure of 630% in the present alloy (Figures 1 and 2 ) falls within typical scope of 300-1000% in most superplastic materials，foreshowing that grain boundary sliding is the dominant deformation mechanism. It is noted in Figure 2 that the superplastic fracture in Mg-8.42Li alloy exhibited a diffuse necking with a slight taper. The fracture surface of the sample in Figure 2 was rather flat and final fracture occurred abruptly after a long time of loading, revealing that the sample failed in a pseudo-brittle fracture mode.
Microstructures
Microstructures before and after Superplastic Deformation
As shown in Figure 3a , after nitrate bath annealing, some grains in the rolled sheet became equiaxed and some grains reserved the characterization of as-rolled elongated grains. As shown in Figure 3b , after holding, the quantity of equiaxed grains increased obviously but elongated grains still existed, indicating that the microstructure prior to superplastic deformation was an incompletely recrystallized microstructure.
As shown in Figure 4 , there existed elongated grains in some regions (Figure 4a ) and equiaxed grains in other regions (Figure 4b ) in the undeformed (clamping section) microstructures. The former shows that static recrystallization did not complete thoroughly and the latter shows that static recrystallization, occurence of equaxed grains, were mostly achieved.
As shown in Figure 5 , after 630% superplastic deformation, the grains in the deformed section (gauge section) became equiaxed grains. The offwhite grain was α phase, the gray matrix was β phase and the black part was cavitation. Cavitations nucleated along α/β interphase boundary and individual cavitations coalesenced and interlinked. The microstructure evolution is analyzed as follows. The microstructures in Figure 3 consisted of fine equiaxed grains and elongated grains. In the primary stage of superplastic deformation, dynamic recrystallization occurred in the elongated grains under the applied stress, i.e., the occurrence of the transformation of the elongated grains into the equaixed ones. After a certain straining, the deformation microstructure became fully recrystallized equiaxed grains. Such a microstructure further deformed and grain boundary sliding was achieved. In the later stage, dynamic grain growth took place at elevated temperature, as shown in Figure 5 . That is the process of microscopic evolution.
The contributions of the static annealing grain growth rate and the strain induced grain growth rate to grain growth are analyzed as follows. Static annealing grain growth means the grain growth without applied stress and dynamic grain growth means the grain growth with applied stress. Dynamic grain growth consists of static annealing grain growth and strain induced grain growth. In other words, dynamic grain growth belongs to "straining" annealing grain growth. It can be seen by comparing Figure 3a,b, Figure 4a with Figure 5 that the spatial grain sizes were 3.48 µm (equiaxed grain size), 7.5 µm, 13.5 µm (clamping section) and 24.4 µm (gauge section). Here, 3.48 µm is the initial grain size before holding. 7.5 µm is the grain size after holding and before superplastic deformation. 13.5 µm is the grain size in the clamping section after superplastic deformation. 24.4 µm is the grain size in the gauge section after superplastic deformation. The variation in grain size indicates that static grain growth and dynamic grain growth take place at the same time during the superplastic deformation.
For constant velocity tension, the authors in this paper [13] proposed following superplastic dynamic grain growth equation:
where D is the grain size during superplastic deformation, D s is the grain size after holding before tension, q is the grain growth exponent, α is a coefficient, ε is the true strain, 0 ε is the initial strain rate and ε is the strain rate, ε =d ε /dt, here t is the deformation time.
Differentiating equation (1) The cavitation mechanism is analyzed as follows. Figure 5 shows that cavitations elongated along tensile direction (30º direction to horizontal axis), which is related to plasticity cavity growth mechanism. The theoretical cavity diameter, Λ , for the transition from the diffusion-controlled growth to the plasticcontrolled growth was given by Ref. [16] :
below which diffusion controlled cavity growth dominates, where Ω is the atomic volume, w is the grain boundary width, D gb is the grain boundary diffusion coefficient, σ is the applied stress, k is Boltzmann's constant, T is the absolute deformation temperature and ε is the strain rate. Referring to literature [12, 16] Figure 5 . Because of D>Λ, the cavity growth mechanism was the plasticity controlled cavity growth. 
TEM Analysis
TEM results of gauge section of 630% sample are shown in Figure 6 . The white grain is α phase with a HCP crystal structure and the black grain is β phase with a BCC crystal structure. Striated bands exist in Figure 6a , indicating that the grain boundary is high angle grain boundary(HAGB). The existence of HAGB favors grain boundary sliding and is a prerequisite of causing super-plasticity. Dislocations are not visible in the grain interior in TEM image (Figure 6a) . The selective area diffraction pattern (SADP) ringy spots for individual grain is shown in Figure 6b , revealing that the present alloy is in a recrystallized state after deformation.
The causes that there is no dislocation inside the grain are analyzed as follows. First, the tensile sample was not water-quenched immediately after tension. After applied stress was removed, dislocations inside the grain moved to the grain boundary and disappeared. Second, owing to the rapid diffusion velocities of Mg and Li atoms, lattice atoms easily diffuse into the grain boundary and hence dislocations exist at grain boundary. Grain boundary is an interface of collecting dislocations with a high energy, and dislocation climb and slip near or at the grain boundary lead to the grain boundary sliding. According to Gifkins "Core-Mantle" model [17] , grain interior, like single crystal, is the "Core" which does not deform, whereas grain boundary neighborhood is the "Mantle" which deforms. However, there is no dislocation in the "Core" and there are dislocations in the "Mantle". The experimental result of dislocations supports the Gifkins "Core-Mantle" model. Furthermore, the number of dislocations inside the grain, N , obeys following relation [18] elongation) and G=14197 MPa calculated by Ref. [20] and substitution of these parameters into equation (4) gives N=0.22. Omitting decimal fractions smaller than 0.5 by mathematical treatment, we find that there is no dislocation activity and this estimation is in good agreement with Gifkins's "Core-Mantle" mechanism. 2. Incomplete recrystallization of elongated grains occurred and some rolled grains still remained in the clamping section; the microstructure in the gauge section consisted of equiaxed grains and significant dynamic grain growth appeared. Cavitations existed in the deformed microstructure and plasticity-controlled cavity growth was the cavity growth mechanism.
3. Experimental calculations show that the contribution of static annealing grain growth rate to grain growth accounts for 35.5% while the contribution of strain induced grain growth rate to grain growth accounts for 64.5%. New model of dynamic grain growth rate was established. The dynamic grain growth rate predicted by the model is consistent with the experimental dynamic grain growth rate.
4. Observation by transmission electron microscope reveals that striated bands exist at gain boundary and there is no dislocation activity inside the grain at 573 K which is consistent with Gifkins' "CoreMantle" model.
